We present the results of detailed investigations of the Gas Electron Multiplier (GEM)-based photomultiplier, consisting of a solid CsI photocathode coupled to a cascade of GEM elements. The detector is "lled with non-ageing mixtures based on noble gases: Ar, Ne, Ar#Ne, Ar#Xe, Ar#CH and Ar#N . Very high gas gains, reaching 10, and rather fast anode pulses, of a width of 10 ns, were observed in some mixtures. Various phenomena and physical processes, found to a!ect the device operation, are discussed here: additional gain due to secondary scintillation; mixtures with enhanced ionization e$ciency; improvement of pulse-height resolution due to avalanche con"nement in the GEM holes; avalanche extension outside the GEM holes; gain limitation due to ion feedback and charging-up of GEM electrodes; photoelectron backscattering.
Introduction
For already two decades physicists have been successfully developing gaseous photon detectors, sensitive in the UV range, for high-energy physics experiments [1}3] . However, the broader use of such detectors, particular in commercial systems, is hindered by the necessity for a permanent gas #ush-ing. Considerable progress has also been made in gaseous photon detectors for the visible range [4}6]; but such devices too, if sealed, could age relatively fast in standard gas mixtures. The fast ageing in this case results from the reactivity of the sensitive alkali antimonide photocathodes with avalanche-induced gas derivatives.
Operation in chemically inert pure noble gases, could in principle prevent the problem. Indeed, the use of Ar-"lled photodiodes in the past [7] , and in the more recent studies [4, 8, 9] , indicates that the photodiodes do not age in pure noble gases. However, the reported avalanche gain of noble gas-"lled devices was always very low, of the order of 10}50 [7, 8] , mainly due to photon-and ion-mediated secondary processes.
The situation has substantially advanced with the introduction of the Gas Electron Multiplier (GEM) [10] which is currently being intensively investigated [11}13] . High gains in double-GEM structures [11] , including those coupled to a CsI photocathode at low pressures [12] , were observed in self-quenched gas mixtures like Ar}CO or in pure hydrocarbons. It has been recently shown that the GEM can e!ectively operate in pure Ar and Xe at rather high gains, of about 1000 [14, 15] . This was explained by the e!ect of avalanche con"ne- ment in the GEM holes [13, 15] , which e!ectively hinders photon-mediated secondary avalanches.
In this work we investigate in detail the operation of the GEM photomultiplier (GPM) with noble gas mixtures. The GPM consists of a solid photocathode coupled to a cascade of GEM elements. We surprisingly obtained very high gains, of the order of 10}10, in non-quenched mixtures of pure or almost pure noble gases, with a cascade of 3}4 GEM elements coupled to a CsI photocathode. We discuss in detail the impact of some physical processes governing this high gain multi-step operation mode of the GEM photomultiplier.
Experimental setup and procedures
The detector included a 500 A s thick semi-transparent CsI photocathode coupled to a cascade of 4 GEM elements (Fig. 1) . The photocathode, having an active area of 7 cm, was evaporated on a quartz plate coated with semi-transparent Al layer.
All the GEMs had a similar kapton thickness of 50 m. The "rst three GEMs were produced at CERN, using a chemical etching technique [10] . They had double conical holes of an 80 m diameter on the metal side, arranged in a hexagonal lattice with a 140 m pitch. The hole diameters at the kapton, which determine the optical transparency of the GEMs, were about 50 m for the second GEM and 30 m for the "rst and third GEMs. The low optical transparency of the "rst GEM was chosen in order to suppress avalanche-induced photon feedback to the photocathode. The active area of these GEMs was 4;10 cm. The last GEM was produced by Tech-Etch (USA) [16] ; it had 2.5;2.5 cm active area and cylindrical holes of an 80 m diameter arranged in a square lattice with a 200 m pitch. The GEM assembly was placed 1.9 mm apart from the photocathode with inter-GEM distances of 1.8, 2.0 and 1.9 mm, so that the overall detector thickness was less than 1 cm (see Fig. 1 ).
The detector was placed in a stainless-steel chamber, equipped with a quartz window. Either a continuous Hg lamp or a #ash H lamp was used as an UV-light source. The H lamp provided short light pulses with a width below 10 ns. Before each measurement, the chamber was "rst evacuated down to 10\ Torr and then "lled with one of the following gas mixtures: Ar, Ne, Ar#Ne, Ar#Xe, Ar#CH or Ar#N . The gas purities were above 99.99%. The data presented below were all obtained at a pressure of 1 atm, unless otherwise speci"ed.
The electrical connections with the appropriate notations are shown in Fig. 1 . The electrodes of the "rst three GEMs were connected to a resistive voltage divider with an applied voltage < % . The voltage on the photocathode, < .! , is typically equal to < % , unless otherwise indicated. In Ar, this corresponds to a drift "eld in the photocathode gap E .! K1.3 kV/cm. Two types of ampli"ers were used to read out the anode signal: a charge ampli"er, with a 14 s time constant and sensitivity of 0.45 V/pC, or a fast current ampli"er, with a rise time of 4 ns and a gain of about 100 (the characteristics were measured when the ampli"ers were connected to the chamber).
Two modes of connecting the fourth GEM were used, depending on whether 3 or 4 GEMs were operated in cascade. In the con"guration called 3GEM#PCBa, the upper electrode of the fourth GEM was grounded, through either a picoammeter Fig. 2 . Optimization of the transfer "eld between GEMs, E 2 , in a 3GEM#PCB photomultiplier. Shown is the anode current as a function of the voltage applied on the voltage divider (see Fig.  1 ), < % , at di!erent E 2 values, in Ar under irradiation with a Hg lamp.
or ampli"er input, thus acting as a printed-circuitboard (PCB) anode. In the con"guration called 4GEMa, the upper electrode of the fourth GEM was connected to its own voltage divider, with an applied voltage < % , while the signal was read out from the lower electrode. The principal distinction of the 4GEM photomultiplier is that all charges ampli"ed in the last GEM, including both ions and electrons, can be detectable, while in the 3GEM#PCB photomultiplier only the electron component transferred to the lower gap is detectable. Due to this fact, as well as due to possible ballistic de"cit of the electronics when the charge collection time is longer than the electronics shaping time, the visible (i.e. detectable) gain is only a fraction of the real gain of the device.
The GPM gain was determined using either pulse-height or current recording techniques. In the "rst technique, the pulse height of the output signal was measured as a function of the voltage, under irradiation with the #ash H lamp. The lamp provided a su$cient number of photoelectrons per #ash, N .# , collected from the photocathode: typically N .# was between 10 and 300. Then, for one given voltage, the gain value was determined directly: the light #ux was reduced so that N .# ;1 and the average charge of a single-photoelectron spectrum was measured using a calibrated charge ampli"er.
In the current recording technique, the gain was de"ned as the GPM anode current normalized to the current recorded in the photocathode gap, under irradiation with a high-intensity Hg lamp. The accuracy of the gain values measured is about 20%. The maximum reachable gain is de"ned here as the one at which there are no discharges observed for at least 1 min.
Results

Optimization of the voltage divider
It was found that one can control the maximum gain of our GPM by an appropriate optimization of the voltage divider (see Fig. 1 ). Two sets of parameters must be optimized: the voltage di!erence across the GEMs and the electric "elds between the GEMs. While doing that, it is essential to minimize photon and ion feedback from the GEM cascade to the photocathode. This is done by keeping the 1st GEM at the lowest possible gain: therefore, the voltage di!erence across the "rst GEM is typically 15% smaller than across the last GEM. Hence, the 1st GEM acts mainly as a decoupler between the photocathode and the following GEMs, with an optical transmission of only 4%.
It is known [11] that the drift "eld E " and the transfer "eld E 2 , preceding and following a GEM, strongly a!ect its charge collection e$ciency and the visible gain. In a multi-GEM con"guration, the transfer "eld of a given GEM is the drift "eld of the following one, strongly restricting the optimization possibility. We tested the operation of the 3GEM#PCB photomultiplier in pure Ar with equal inter-GEM electric "elds of three di!erent values: 0.5, 2 and 4 kV/cm (Fig. 2) . The highest gain was obtained for the intermediate E 2 "2 kV/cm. The last parameter to be optimized was the transfer "eld of the last GEM: in Ar, the best values correspond to 4 and 2 kV/cm in 3GEM#PCB and 4GEM photomultipliers, respectively.
The voltage divider used in all the following measurements, as well as the electric "eld values typical for operation in Ar, are shown in Fig. 1 . Fig. 3 . Comparison of the pulse-height and current recording techniques. Shown are the gain-voltage characteristics of a 3GEM#PCB photomultiplier in Ar. Two data sets of the current technique were obtained at incident photon #uxes di!ering by a factor of 24. For the higher #ux (`Hg lampa data), the appropriate anode current density is indicated on the right scale.
Operation of the GEM photomultiplier: general features
In the 3GEM#PCB photomultiplier, a large anode signal was observed in Ar with a visible gain approaching 10. Fig. 3 shows the visible gain as a function of the voltage on the voltage divider, < % . One data set was obtained with the pulse-height recording technique, i.e. at a low photon #ux, and the other two data sets } with the current recording technique, at much higher photon #uxes. At low gains, all the three data sets are identical, having the exponential gain-voltage characteristics. However, for anode current density above 10 pA/mm, the gain increase with voltage is faster than exponential. This current density corresponds to an incident photoelectron #ux of the order of 10/mm/s at a gain of 10, which gives an estimation of the rate capability of the device. Moreover, at such #uxes the gain starts to be time dependent: after setting the voltage, it grows with time and it takes a few minutes to reach a steady value [17] .
This e!ect most probably is due to GEM charging-up induced by ions back-drifting from the last GEM to the preceding one: positive ions, deposited on the lower kapton side in the holes of that GEM, enhance the electric "eld in the holes and increase the gain. Similar charging-up e!ects in multi-GEM structures were observed in Refs. [18, 14] , but at #ux values considerably larger than those of the present work. There are two possible reasons for this di!erence. Firstly, the charging-up e!ect seems to be more pronounced in pure noble gases compared to the mixtures including molecular gases [14] . Secondly, the narrower holes and consequently the larger area of the bare kapton of two of the four GEMs used in the present work might facilitate the charging-up process. Possibly, the charging-up e!ects should disappear in GEMs with cylindrical holes [11] , where the insulator is less exposed to the back-drifting ions.
It has been recently reported [12] , that at low pressures and high gains a considerable fraction of the positive ions drifts back from the last ampli"cation stage to the preceding GEM, passes through its holes and induces the electron emission from its upper electrode, giving rise to the after-pulses. We observed similar e!ect at atmospheric pressure. One can see this in Fig. 4 , showing the anode pulses of the 3GEM#PCB photomultiplier in Ar and Ar#1.3% N : the primary pulse is accompanied by a series of after-pulses. The time at which appears the "rst after-pulse, 69$2 s, corresponds to the ion drift time from the third to the second GEM (see Fig. 4 , bottom). Indeed, from the ion mobility in Ar, "1.5 cm/V/s [19] , and the inter-GEM electric "eld value, E 2 "2.1 kV/cm, this time is estimated to be 62$6 s. This value is noticeably smaller than the ion drift time between the "rst GEM and the photocathode, excluding the hypothesis on the ion feedback to the photocathode.
Thus we state that the after-pulses are caused by ion feedback between two last GEM elements in the cascade. This statement is con"rmed by another observation: in the 4GEM photomultiplier, the after-pulses appearance is governed by the voltage on the last GEM, at a "xed voltage on the "rst three GEMs. The ion feedback imposes the principle limitation on the maximum voltage and, consequently, on the maximum gain. For example, in Ar and Ar#1.3% N the after-pulses appear at a voltage value corresponding to a gain of the order of 10; further increase of the voltage leads to the fast increase of the after-pulse amplitude, ending by a discharge. In a 3GEM#PCB photomultiplier, the anode signal is generated by electrons arriving to the PCB from the third GEM in the cascade. In a 4GEM photomultiplier, the major part of the anode signal is induced by ions moving from the lower to the upper electrode of the fourth GEM. The last process is illustrated in Fig. 5 , showing the appearance of an ion component in the anode pulse of 4GEM photomultiplier at increasing voltage on the fourth GEM. The signal, arised at < % "0 which is equivalent to a 3GEM#PCB operation mode, is induced from the upper to the lower electrode of the fourth GEM due to capacitive coupling.
Fig . 6 shows the overall visible gain (i.e. induced by both electrons and ions) of a 4GEM photomultiplier as a function of < % , in Ar, Ar#1.3% N and Ar#1.3% CH . The contribution of the electron component in all the mixtures (for Ar#1.3% CH it is shown explicitly) is typically a of the total gain. In a 3GEM#PCB con"guration ( Fig. 7) , only the electron component is visible. Therefore, the real maximum ampli"cations in both 3GEM# PCB and 4GEM photomultipliers are approximately the same; in pure Ar it is about 2;10. This may indicate a fundamental limitation of the maximum achievable gain in a GPM of a given structure, regardless of the number of GEMs in the cascade, as was discussed above.
Avalanche extension outside the GEM holes
A closer inspection of the shape of the pulses shown in Figs. 4 and 5 may reveal more information about the processes in the GPM. The leading edge of the primary pulse is de"ned by the ampli"-cation mechanism in a particular gas mixture: it is longer in Ar and much shorter in Ar#1.3% N . The pulse decay time is de"ned by the ampli"er time constant.
However, the rise time of the after-pulses, t , turned out to be unexpectedly large compared to that of the primary pulse. For example, in Ar#1.3% N t +17 s (Fig. 4, bottom) . We veri"ed that it cannot be explained by ion di!usion or by the di!erence in the ion drift pathes induced by a speci"c "eld pattern between the GEM elements. Actually, the rise time is equal to the spread of arrival time of the ions, causing the emission of secondary electrons from the second GEM. It thus re#ects the spatial distribution of the avalanche along "eld-line directions in the vicinity of the third GEM. This avalanche size is estimated to be l+ Et "0.9 mm where the electric "eld is taken to be the same as the transfer "eld in the last gap (E"3.8 kV/cm). This size is considerably larger than the characteristic scale of GEM holes or inter-hole distances. Thus we come to the conclusion that the avalanche extends outside the GEM hole, into the following gap.
A similar conclusion could be drawn when analysing the ion collection time in the 4GEM photomultiplier (Fig. 5, bottom) : it is equal to 13 s, which is signi"cantly larger than the drift time of ions through the GEM hole (below 1 s). Again, the avalanche extension outside the GEM hole could explain these results.
The avalanche extension establishes the lower limit on the distance between cascading elements involving GEMs. Indeed, recent observations on GEM coupling to other ampli"cation elements [20, 21] suggested that the distance between the elements should not be less than 0.3}0.6 mm, or else the two ampli"cation elements are equivalent, in terms of the maximum gain, to a single one.
Further evidences for the avalanche extension are presented elsewhere [17] ; in particular, it is shown that this e!ect takes place at high gains only when the avalanche charge exceeds a certain value. The mechanism of the avalanche extension is yet unclear. It cannot be compared to that of streamer propagation in weak "elds, because the charge density in the GEM avalanche, and consequently the space-charge electric "eld, is far smaller than the typical streamer values. We could only speculate that photon-mediated processes, like those of resonance emission propagation or even self-absorbed stimulated emission generated in an avalanche, may have played a role in our case.
Gain enhancement by suppression of ion-induced electron emission
As seen above, the maximum gain in multi-GEM structures is limited by the ion-induced electron emission from the metal surfaces of the GEM Fig. 7 . Gain-voltage characteristics of a 3GEM#PCB photomultiplier in di!erent gas mixtures for the total anode signal, detected with a charge ampli"er, including both fast (primary) and slow (secondary scintillation-induced) components.
electrodes. It is known from the literature [22] that the coe$cient of the ion-induced electron emission increases with ion energy for oxidized metal surfaces; also, the coe$cient is by several orders of magnitude larger for ions of atomic gases as compared to that of molecular gases. Consequently, there are two straightforward ways to limit or to suppress the ion-induced electron emission and thus to enhance the gain: to decrease the ion energy or to replace the noble gas ions arriving to the GEM electrode with ions of molecular gases.
The latter approach was successfully realized by adding a small amount of CH to Ar. Due to a lower ionization potential of methane (12.7 eV) with respect to argon (15.8 eV) the cross-section of the charge-exchange reaction:
is large enough to replace completely the Ar ions with those of CH during their drift between GEM elements [23] . This is, however, not the case when adding N to Ar, because the ionization potential of nitrogen, 15.6 eV, is only slightly di!erent from that of argon. The gain characteristics of the 3GEM#PCB photomultiplier in di!erent gas mixtures, shown in Fig. 7 , are in good agreement with this picture: in Ar#CH the maximum visible gain increases considerably compared to Ar, reaching a value of 9;10. In contrast, in Ar#N the maximum gain does not increase compared to Ar.
Since the ion energy increment in an electric "eld is a square function of the "eld strength, another possible way to suppress the ion-induced electron emission is to reduce the electric "eld on the GEM electrode, i.e. to "nd a mixture with a lower operation voltage of the GEMs with respect to Ar. A decrease of the pressure does not help since the ion energy is a function of E/p rather than E; this is re#ected by the comparison of Ar#1.3% N data at 0.5 and 1 atm (Fig. 7) . Fig. 8 . Anode signals of a 3GEM#PCB photomultiplier, detected with a charge ampli"er, in non-or poorly scintillating gas mixtures Ar#1.3% CH , Ar#10% CH and Ar#1.3% N . In the latter, the rounded pulse rise indicates the presence of an avalanche-induced photon feedback.
Here we suggest two types of mixtures which may solve the problem: a mixture which is partially transparent to electron avalanches [24] , as for example Ar#Ne, and a mixture which enhances the ionization e$ciency, e.g. Ar#Xe.
The basic characteristic of a mixture partially transparent to electron avalanches is that one component has a much smaller cross section of electron}atom collisions than the other. For example, in Ar#Ne the cross sections of elastic and ionizing collisions are by an order of magnitude smaller for Ne compared to Ar [25] . Consequently, the mixture Ar#50% Ne at atmospheric pressure is equivalent to Ar, or Ar#1.3% N , at half-atmosphere, from the point of view of the electrons and in terms of electron temperature, drift velocity, diffusion and gain-voltage characteristics. This equivalence is evident in Fig. 7 . However, from the point of view of the ions, their energy is derived from their kinetics at atmospheric pressure. As a result, the gain-voltage characteristics of Ar#Ne mixtures, shown in Fig. 7 , gradually evolve towards lower voltages and higher maximum gain with increasing Ne content.
Even lower operation voltages, of < % around 2000 V, are obtained when adding to Ar a small amount of Xe (Fig. 7) . At such low voltages, the ion-induced electron emission is fully suppressed and no after-pulses induced by back-drifting ions were observed. Therefore, higher gains, reaching 10, could be obtained. The enhanced ionization capability of Ar#Xe mixtures is caused most probably by atomic collisions with excited Ar atoms:
ArH#XePAr#Xe>#e (2) as well as by the associative ionization [26] :
which could be even more e!ective due to a lowerenergy threshold [27] . The limitation on the maximum gain in Ar#Xe is imposed by photon feedback [17] , as will be further discussed in Section 3.5.
Photon feedback ewects
We were able to investigate the e!ect of photon feedback by analysing the shape of the anode pulse in the 3GEM#PCB photomultiplier, on a time scale of a few microseconds (Fig. 8) . The ion component of the signal, which has the same time scale, is absent in this con"guration. The ion feedback processes between GEM elements occur on time scales which are by an order of magnitude larger. Fig. 9 . Appearance of secondary scintillation-induced signals of a 3GEM#PCB photomultiplier, in Ar. Shown is the evolution of the anode signal detected with a charge ampli"er at increasing electric "eld in the photocathode gap, E .! . Fig. 10 . Anode signals of a 3GEM#PCB photomultiplier, detected with a charge ampli"er, in strongly scintillating gas mixtures Ar#50% Ne and Ar#5.5% Xe. The contributions of the primary (fast) and secondary scintillation-induced (slow) components are clearly distinguished.
Therefore, the features of the pulse shape on this time scale may re#ect photon-induced secondary processes.
Among the mixtures investigated, Ar#10% CH had practically no photon feedback, and the anode pulses (Fig. 8, middle ) have a regular shape: a linear pulse rise, which corresponds to the integration of the primary signal, is abruptly followed by an exponential decay due to the ampli"er time constant. In this mixture, the avalanche-induced photon feedback is fully suppressed because CH is not transparent to photons below 140 nm, namely to characteristic Ar emission. On the other hand, photon feedback e!ects do appear in Ar#1.3% N and in pure noble gases: see Figs. 8 (bottom), 9 and 10. In general, two types of photon feedback processes were observed: those induced by the emission of an avalanche developing in the GEM elements and those induced by proportional secondary scintillations generated by electrons drifting in the photocathode gap.
In Ar#1.3% N , the pulse rise is`roundeda, containing an additional component with a characteristic time of a few hundreds of nanoseconds (Fig. 8, bottom) . This time scale corresponds to the drift time of secondary photoelectrons between the photocathode and the following GEM. The avalanche origin of this feedback process is supported by the fact that its intensity depends on the voltage di!erence across the GEMs and does not depend on the electric "eld in the photocathode gap, E .! . The good optical screening of the "rst GEM considerably reduces the contribution of the avalanche-induced photon feedback from the second and third GEM, down to a level of 20}30% of the primary signal.
While CH and N are known to be e!ective quenchers of secondary scintillations when added to noble gases [28, 29] , pure noble gases are e$cient scintillators in the vacuum ultraviolet [30] , within the sensitivity range of the CsI photocathode. Therefore, the GPM operation in pure noble gases could be strongly a!ected by secondary scintillations, generated by electrons drifting in a moderate electric "eld in the photocathode gap, which are sometimes referred to as the proportional secondary scintillations. Since their intensity is proportional to the strength of the electric "eld, one would expect an appropriate transformation of the anode pulse at increasing electric "eld in the photocathode gap. The observation in support for this assumption is presented in Fig. 9 for pure Ar: the pulse rise increases with increasing E .! , with a characteristic time of a few microseconds. At higher drift "elds, the proportional secondary scintillation-induced signal can even dominate over the primary avalanche signal. Thus, the photon feedback could be re#ected both, in an enhanced gain and in an increase of the pulse width.
It is interesting, that with the addition of Xe to Ar the photon feedback is enhanced (see Figs. 10  and 15 ), in contrast to what one would expect from shifting of the emission wavelength, from 120 to 170 nm, i.e. to the region of lower CsI photocathode sensitivity. This is probably because the scintillation e$ciency of Xe is larger than that of Ar and due to the e!ective excitation transfer from Ar to Xe.
The time constant of the proportional secondary scintillation-induced signal is de"ned by the scintillation decay constant (in pure Ar it is equal to 3.2 s), scintillation intensity and feedback e$ciency. In the mixtures of pure noble gases studied by us, it is in the range of a few microseconds. This is very di!erent from the rise time of the primary avalanche signal and therefore can be clearly seen, as demonstrated in Figs. 8 (top) and 10 , showing the anode pulses in Ar#1.3% CH , Ar#Ne and Ar#Xe mixtures.
The possibility to distinguish between the fast and slow components of the anode signal allows one to estimate the gain related to the fast component only, namely the true charge gain which the 3GEM#PCB structure would have if there were no photon feedback e!ects or no photocathode coupled to it. Such estimated gain-voltage characteristics are presented in Fig. 11 . By comparison of Fig. 11 with Fig. 7 we see that for the mixtures of pure noble gases, up to 50}90% of the total gain is due to secondary scintillation-induced feedback avalanches. Despite this large correction, the maximum attainable charge gains in binary mixtures of Ar#Ne and Ar#Xe are still rather high, of the order of 10. It is interesting that the gain-voltage characteristics for the fast components in Ar, Ar#1.3% CH and Ar#1.3% N almost coincide, indicating that the addition of a small quantity of quenching gas does not a!ect the avalanche ampli"cation mechanism in the GEM, in accordance with the avalanche con"nement concept [15] , though the maximum gain is of course di!erent (Fig. 11) .
Fast mixtures
Slow scintillation processes in noble gas mixtures could deteriorate the rate capability of the GPM. Addition of molecular gases, methane and nitrogen, to noble gases quenches the secondary scintillation and thus speeds up the GPM response. Moreover, it also considerably shortens the anode pulse width, due to the increase of electron drift velocity and the decrease of electron di!usion.
In Ar#CH , the gas gain of the GPM was su$ciently high to permit observation of anode signals directly on a 50 load resistor without ampli"er. In particular, Fig. 12 (top) shows such a signal in the 4GEM photomultiplier for a cluster of about 270 simultaneous photoelectrons emitted from the photocathode per H lamp #ash. The 3GEM#PCB signal, for a smaller photoelectron number, N .# "11 electrons, is shown in Fig. 12 (bottom) after a fast current ampli"er. Note the very good pulse-height resolution. The pulse width (FWHM) of the 3GEM#PCB photomultiplier is 40 and 22 ns in Ar#1.3% CH (not shown) and Ar#10% CH (Fig. 12) , correspondingly. The pulse jitter, which determines the time resolution of the device, is estimated to be below 2 ns (FWHM) at N .# "11. The way in which the pulse width was estimated as well as the transit time (the internal delay of the device) are illustrated in Fig. 12 (bottom): we used the onset of electronic pick-up, induced by the lamp #ash, as the time origin.
Faster anode signals and transit times were obtained in Ar#N ( Fig. 13 ): in particular, in Ar#10% N they are as short as 11 ns and 130 ns, respectively, due to the rather large electron drift velocity observed in these mixtures [31] .
Single photoelectron spectra and pulse-height resolution
Examples of anode signals initiated by single photoelectrons and detected with a charge ampli-"er are shown in Fig. 14 . Single photoelectron charge spectra in the 3GEM#PCB photomultiplier are shown in Fig. 15 in di!erent gas mixtures. These signals and spectra were obtained at gain values close to the maximum, at which secondary e!ects start to be seen. In Fig. 14 , the ion feedbackinduced after-pulses are seen in Ar#CH and Ar#N (but not in Ar#Xe as discussed in Section 3.4). The secondary e!ects reveal themselves in the pulse-height distribution as a deviation from an exponential function, observed in Fig. 15 . It is known that the deviation of a single photoelectron spectrum from an exponent indicates the presence of secondary processes; these either increase the avalanche size #uctuations, mostly due to photon feedback, or reduce these #uctuations due to avalanche saturation [26, 32] . For the former, there is an excess of large amplitude pulses. As one can see in Fig. 15 , this is the case for all the mixtures studied, except for Ar#CH , i.e. for all the mixtures that manifest photon feedback (see Section 3.5).
On the other hand, the saturated avalanche pulse-height distribution, such as observed here in Ar#CH , has a de"cit of both large and small amplitude pulses; here the spectrum is described by a Polya distribution [26, 32] :
where the parameter de"nes the`strengtha of the saturation ( "0 corresponds to zero saturation). Generally, two types of phenomena are known to be responsible for avalanche saturation: avalanche space-charge e!ects at high gains (above 10) [32] and the decrease of ionization e$ciency at low gas pressures at large E/p values [26] . Obviously, the saturation e!ects in the GEM photomultiplier are due to other mechanisms. Our interpretation of the single-electron pulseheight spectra in Ar#CH is based on the e!ect of avalanche con"nement in the GEM holes [13, 15] and on the assumption that any restriction in the Single photoelectron anode signals detected with a charge ampli"er in Ar#1% Xe and Ar#1.3% CH in a 3GEM#PCB photomultiplier and in Ar#1.3% N in a 4GEM photomultiplier. Fig. 15 . Single photoelectron spectra of the avalanche charge, recorded using a charge ampli"er, in di!erent gas mixtures in a 3GEM#PCB photomultiplier. The data points are "tted with an exponential function for all mixtures, except for Ar#1.3% CH where it is "tted with a Polya distribution.
avalanche development, in particular in the initial stage, reduces avalanche #uctuations and results in avalanche saturation. Indeed, two of the four GEMs used in the current investigations have very narrow holes on the kapton side, of a diameter below 30 m. Therefore, the avalanche development in such holes will certainly be restricted in the lateral direction. The con"nement e!ect and consequently the avalanche saturation should occur for other mixtures studied as well. However, the large #uctu-ations of the initial charge, due to photon feedback, modify the charge spectra in these mixtures (see Fig. 15 ). Note that the avalanche con"nement in the GEM holes does not contradict the avalanche extension outside the holes (Section 3.3), since these two e!ects, "rstly, act in di!erent directions and, secondly, take place in di!erent stages (correspondingly, initial and "nal) of the avalanche.
The saturated single photoelectron pulse-height spectra in Ar#CH should enhance the pulseheight resolution of the device for multi-photon events, in cases where the initial photoelectrons hit di!erent GEM holes. This is illustrated in Fig. 16 showing a pulse-height spectrum obtained for 11 photoelectrons: the pulse-height resolution approaches that of the statistical limit. However, the avalanche saturation might result in nonlinear device response, in cases where the photoelectrons hit the same GEM holes, i.e. at high photon densities. To increase the dynamical range of the GPM in this particular case, one should use the GEMs with a larger hole diameter, to prevent the con"nement e!ect, and with a higher hole density per unit area.
Photoelectron backscattering
It is well known that the quantum e$ciency of photocathodes is reduced in a gas medium compared to vacuum, due to photoelectron elastic backscattering from gas molecules [8, 33] ; the e!ect is particularly strong in noble gases due to the enhanced cross section for elastic collisions. We estimated the absolute losses in quantum e$ciency of the CsI photocathode, at 185 nm (Hg lamp line), by comparing the photocurrent in gas to that in vacuum (Fig. 17) . These losses are a function of the electric "eld in the photocahode gap: in Ar they are of about 60% at a "eld value of 1.3 kV/cm, just before the onset of electron inelastic collisions with Ar atoms [15] .
The way to overcome this problem suggested in Ref. [33] , namely the operation in a multiplication mode in the photocathode gap, cannot be applied to the GPM "lled with pure noble gases, because of the gain instability caused by ion and photon feedbacks to the photocathode [7, 8] . On the other hand, we found that the operation in pure Ar at moderate electric "elds in the photocathode gap, between 1.5 and 3 kV/cm, at which non-ionizing inelastic collisions play a major role, was rather stable despite the photon feedback induced by secondary stintillations: one can see this in Figs. 9 (bottom) and 17. And such electric "elds were shown to be high enough to lower considerably the backscattering e!ect [15] .
Another e!ective way of reducing the electron backscattering losses is the addition of a small Table 1 Characteristics of the 3GEM#PCB photomultiplier operated with a CsI photocathode in di!erent gas mixtures. Presented are the pulse width (FWHM) and transit time for the fast component of the anode signal, typical decay constant for the slow component, maximum gain for the fast component and that for the total signal, maximum operation voltage on the voltage divider amount of molecular gases, methane or nitrogen, to argon ( Fig. 17) : quantum e$ciency losses are reduced from 60% in the case of Ar to about 20}30% in Ar with 1.3% of N or CH .
Gas mixture comparison and possible applications
The time, gain and voltage characteristics of the 3GEM#PCB photomultiplier in all the gas mixtures studied in this work are summarized in Table 1 . The mixtures are listed in order of improving time characteristics. The choice of a particular mixture will be de"ned by a given application. The "rst three types of gases (Ne, low pressure gases and Ar) have the lowest rating and are excluded from further consideration.
Non-ageing mixtures, Ar#Ne and Ar#Xe, might be recommended for space applications where stable operation and long lifetime of a sealed device are required. These mixtures have high gain, up to 10, and reasonable rate capability, of a few hundred kHz.
The Ar#CH mixture is fast and provides the highest gain. However, inevitable decomposition of CH molecules in a gas multiplication mode [28] may probably somewhat hinder its use in longlasting sealed photomultipliers with visible-light photocathodes. We propose to use this mixture in gas photomultipliers employing the more chemically stable CsI photocathodes, in particular for applications in Ring Imaging Cherenkov (RICH) detectors; it could be interesting also in devices with air-stable CVD-diamond photocathodes [34] .
In our opinion, the most promising mixtures are those of noble gases with nitrogen: they are inert, very fast and have minimum losses of the quantum e$ciency due to photoelectron backscattering. Indeed, the N molecule is rather stable: its dissociation energy is 9.8 eV, which should be compared to that of CH , 4.5 eV. Even if decomposed, nitrogen, unlike methane, has no tendency to create solid deposits. The problem of lower gain, which is due to the high operation voltage required in Ar#N , might be overcome by using a triple-component mixture, for example Ar#Ne#N . According to the avalanche con"nement concept (see Section 3.7), the very good pulse-height resolution obtained in Ar#CH should also be reached in other mixtures studied if the photon feedback issue is solved. We therefore expect that multi-GEM detectors with GEM elements having narrow holes, may be employed for X-ray detection with good energy resolution in synchrotron radiation and some medical applications. It could also be employed as a multiplier of choice in secondary electron emission detectors [35] . The application of the multi-GEM photomultiplier would permit the e$-cient in situ detection of the emitted photons in Xe-"lled gas scintillation counters [36] .
Summary
In the present work, we have studied the operation of the GEM photomultiplier (GPM) with a CsI photocathode, in non-ageing mixtures based on noble gases: Ar, Ne, Ar#Ne, Ar#Xe, Ar#CH , Ar#N . Very high gas gains, close to 10, and very short anode pulses, down to a width of &10 ns, were obtained in some mixtures, with 3 or 4 GEM elements in cascade. The rate capability of the device, estimated from the onset of charging-up e!ects, is about 10 photoelectrons/ mm/s.
A consistent picture of some factors governing the device operation mechanism was made, based on observations and detailed analysis of experimental results. This picture includes a number of physical phenomena, which we believe will be inherent to any gas photomultiplier with a multi-GEM`dynodea structure. The principal observed e!ects are listed below:
(1) Secondary scintillations in the photocathode gap in pure noble gas mixtures: due to photon feedback to the photocathode, they provide an additional gain but enlarge the width of the anode pulse, to a microsecond scale. Secondary scintillations can be fully suppressed by adding a few percents of N or CH . (2) Photon feedback induced by avalanches in the GEM cascade: it is considerably suppressed in all mixtures due to the low optical transparency of the GEM elements. It is totally absent in Ar#CH . (3) Ion feedback between GEMs: the ion impact on the last-but-one GEM results in surface charging-up at high anode current densities, of above 10 pA/mm in Ar, and in ion-induced electron emission from the upper GEM electrode at high gains, of about 10 in Ar and Ar#N and 10 in the mixtures of Ar with other gases. The GEM charging-up results in gain instabilities, probably unless operating in well quenched gas mixtures and with wider GEM holes at the kapton. The ioninduced electron emission imposes a principal limitation on the maximum gain in multi-GEM structures, for the number of GEM elements exceeding 2, regardless of the number of GEMs in a cascade.
(4) Gain enhancement by suppression of ioninduced electron emission, using mixtures transparent for electron avalanches (Ar#Ne), mixtures with enhanced ionization e$ciency (Ar#Xe) and mixtures with the exchange of ions participating in feedback processes (Ar#CH ). (5) Fast mixtures: Ar#N and Ar#CH manifest fast signals, of typically 10}20 ns in the 3GEM#PCB geometry.
(6) Avalanche extension outside the GEM holes into the neighbouring gap: the avalanche was found to extend outside the GEM hole, in pure Ar and in its mixtures with N and CH , up to distances of 1 mm. This value sets a limit for the minimum inter-GEM distance, in a cascade.
(7) Avalanche con"nement in the GEM holes: the avalanche is con"ned in the lateral direction within the hole, resulting in its saturation. The latter leads to a peaked single photoelectron spectrum and good multi-photon pulse-height resolution in Ar#CH . In other mixtures, however, this e!ect is smeared by photon feedback.
(8) Photoelectron backscattering: it is considerably reduced in Ar#N and Ar#CH compared to pure Ar.
In conclusion, the obtained characteristics of the gaseous multi-GEM photomultiplier could make it competitive with vacuum photomultipliers. The considerable reduction of ion and photon feedback should be bene"cial for the operation of the GPM with delicate alkali-antimonide photocathodes sensitive in the visible spectral range. It could potentially have a number of advantages over traditional vacuum devices: insensitivity to magnetic "elds, large active area, high position resolution and low cost, when equipped with standard readout electrodes and electronics.
